Introduction
[2] Satellite observations have shown that smoke particles emitted from a ship may induce the formation of a ship-track cloud line in a cloudless sky or change existing cloud structures [Coakley et al., 1987; Rakde et al., 1989] . Another cloud-line formation mechanism can be attributed to low-level baroclinicity in the atmospheric boundary layer induced by the surface thermal gradient of the Earth [Holton, 1992; Simpson, 1994] . This low-level baroclinicity generates mesoscale solenoidal circulation that uplifts moist air within the higher surface temperature region to the condensation level, and on a clear day this may cause a line of clouds to form in an otherwise cloudless sky [Simpson, 1994] . This solenoidal circulation has a big impact on weather forecasting, sport sailing, gliding and ballooning, wind farming, sea birds and pest migration, and pollutant distribution [Simpson, 1994] .
[3] Thermal-gradient-induced cloud-line formation can usually be found near the land/water boundary, where the surface thermal gradient can be large. Documented examples include: along the center axis of lakes, referred to as lake-effect clouds [Holroyd, 1971; Niziol et al., 1995] by weather forecasters and glider pilots; in the center of coastal bays [Sikora et al., 2001; Sikora and Halverson, 2002] ; parallel to the sea/land boundary, known as the sea/land breeze [Eastwood and Rider, 1961] , in the middle of the Florida peninsula and the Yangtze River where two breeze fronts converge [Boybeyi and Raman, 1992; Yan and Huang, 1988] , and along a major metropolitan street [Kanda et al., 2001] . However, for the open ocean this phenomenon is rarely observed.
[4] In this report we present the satellite observation of a very long cloud line, formed along the Gulf Stream axis. A mesoscale numerical model simulation confirms that the cloud line is formed by the thermal-gradient-induced upward air motion over the center of the Gulf Stream.
Satellite Observations
[5] Figure 1a shows a National Oceanic and Atmospheric Administration (NOAA) Advanced Very High Resolution Radiometer (AVHRR) sea surface temperature (SST) image of the waters off the U.S. northeast coast taken at 18:19:41 UTC on April 24, 2001. At the satellite overpass time, the sky is clear over most of the northwest Atlantic. The powerful western boundary current, Gulf Stream characterized by high temperature and salinity, can be clearly seen flowing along the U.S. east coast and leaving the coast after passing Cape Hatteras at approximately 35°N and 75°W. In the middle of the Gulf Stream, a thin cloud line (in white) extends from south of Cape Hatteras toward the northeast at a 36°orientation angle for about 1000 km. Compared to the long length of this cloud line, its width is very narrow (only about 6 -7 km). This cloud line matches closely the Gulf Stream's central axis and is about 50 km away from both the Gulf Stream north and south walls which separate the Gulf Stream from the slope water to the west and Sargasso Sea to the east, respectively.
[6] Examining the NOAA/AVHRR SST images taken about two hours before and after Figure 1a , we do not find this cloud line. However, this cloud line is also present in a Sea-viewing Wide Field of view Sensor (SeaWiFS) composite visible false-color image acquired an hour and 17 minutes earlier at 17:02:38 UTC (Figure 1b ). This indicates that the lifetime of this phenomenon is only about a few hours. On the SeaWiFS image, the Gulf Stream water is light blue in color, and the cloud line is aligned with the Gulf Stream's axis. Compared to the cloud line width in the later SST image, its width, at about 20-30 km, on the SeaWiFS image is much larger. Therefore, we can deduce that it takes one to two hours for the cloud band to fully converge to the center of the Gulf Stream.
[7] The Gulf Stream cloud line observed in the NOAA/ AVHRR SST image is very similar to those observed in the middle of the Great Lakes [Hjelmfelt, 1990] and the Chesapeake and Delaware Bays [Sikora et al., 2001; Sikora and Halverson, 2002] . The favorable conditions for generating this type of ''lake-effect'' cloud line are a large surface thermal gradient, relatively high synoptic winds on the order of 10 ms À1 along the axis of a major lake or bay, a small cross-lake wind component, and a large air-sea temperature difference [Simpson, 1994; Sikora et al., 2001] . Conceptually, it is easy to understand why the Gulf Stream will induce this ''lake-effect'' since its temperature is much higher than that of the surrounding waters.
[8] The NOAA/AVHRR SST imagery is processed using the nonlinear split-window algorithm [Walton et al., 1998; Li et al., 2001a] at a spatial pixel resolution of about 1.4 km with an accuracy of 0.5°C [Li et al., 2001b] . The SST values within the Gulf Stream, the Sargasso Sea and the slope waters are each averaged over 500 pixels as indicated by boxes A, B, and C in Figure 1a , and given in Table 1 . The Gulf Stream water is approximately 25°C, which is about 10°C and 7°C degrees warmer than that of the slope water and the Sargasso Sea water, respectively. A recent study shows that a temperature gradient of this magnitude may generate a band of clouds covering most of the Gulf Stream and its meanders [Young and Sikora, 2003 ].
3. Surface-Thermal-Gradient-Induced Solenoidal Circulation
[9] Dimensional analysis yields a sea/land solenoidal circulation index [Simpson, 1994] , SI = U 2 /DT where U is the cross-coast wind speed and DT is the surface temperature difference. This index represents the balance between the wind and thermal forces which control the establishment of a sea-breeze circulation. A small SI number represents favorable conditions for sea-breeze development. For a larger cross-coast wind speed, the solenoidal circulation may only develop when there is a large surface temperature gradient. The critical SI values, below which the sea-breeze circulation occurs, have been experimentally determined to be between 3 and 10 for different test sites near large lakes and islands [Biggs and Graves, 1962; Lyons and Olsson, 1972] .
[10] For the case examined here, wind measurements, taken about 20 minutes before the NOAA satellite pass by four NOAA moored buoys and one Coastal-Marine Automated Network (C-MAN) station, within the region covered by the satellite SST image are given in Table 2 . The surface wind speed is between 6.4 and 10.7 m s
À1
, and the wind direction is from between 194°and 225°with respect to north. The mean wind from a simple average of these wind measurements is about 9.2 m s À1 from 204°. This southwestly wind is moderately strong and is aligned almost parallel to the Gulf Stream's major axis at a similar orientation to that of the cloud line, which is from 216°t oward 36°. The wind is measured at 18:00 UTC, about 20 minutes earlier than the NOAA satellite overpass.
[11] Using the SST gradient and the cross-Gulf-Stream wind averaged along the Gulf Stream, the estimated SI value in this case is about 0.5, which is an order of magnitude smaller than the SI critical value. In any case, this SI value is very favorable for sea-breeze-like solenoidal circulation to occur.
[12] If the synoptic wind component perpendicular to the Gulf Stream's axis becomes stronger, then the SI value increases by the square of the wind speed, destroying the mesoscale solenoidal circulation [Sikora et al., 2001] . The cross wind blows away the heat and moisture necessary for setting up the system. The critical wind angle with respect to the major axis of the heating source, a, is a function of regional temperature, temperature gradient, air-sea temperature difference, wind speed and direction and width of the heating source. It is defined as [Sikora et al., 2001] :
) where g is the acceleration of gravity; W is the width of the heating source; C H is the bulk heating transfer coefficient with a value of 1.1 Â 10 À3 ; T sea , T air , and T are sea, air and regional averaged temperatures in K, respectively. The favorable solenoidal circulation condition is reached when the angle between the wind vector and the major axis of the heating source is less than a. The width of the Gulf Stream (heating source) is 100 km, the averaged SST is 20°C, and T sea À T air = 4°C. For this set of environmental conditions, the calculated a is about 32°. The actual observed angle between the Gulf Stream's major axis and the synoptic wind vector is 12°(216°À 204°= 12°), which is well below the critical minimum wind angle.
Numerical Simulation of Low-Level Atmospheric Circulation Over the Gulf Stream
[13] The fifth-generation Pennsylvania State University (PSU)-National Center for Atmospheric Research (NCAR) Mesoscale Model version 5 (MM5) [Grell et al., 1995] , is used to simulate the low-level atmospheric circulation for the Gulf Stream region on April 24, 2001. The fundamental model features used in this study include (i) the Blackadar planetary boundary layer scheme [Zhang and Anthes, 1982] , (ii) the simultaneous use of the new version of the Kain-Fritsch [Kain and Fritsch, 1993] convective parameterization including the parameterizated shallow convective effects [Deng et al., 2003 ] and a simple explicit treatment of cloud microphysics based on [Dudhia, 1989] , (iii) a simple radiative cooling scheme, (iv) a multilayer soil model to predict land surface temperatures by using the surface energy budget equation, and (v) the specification of the outermost coarse-mesh lateral boundary conditions by linearly interpolating National Centers for Environment Prediction (NCEP) 3-hourly Eta Model analyses at the resolution of 40 km on the Advanced Weather Interactive Processing System 212 grid.
[14] A two-way, nested-grid (27/9 km) technique is employed to achieve a multi-scale simulation. The coarse domain, centered at 37.5°N and 72.5°W, covers the region approximately 29.5°-44.5°N and 82°-63°W and the fine domain covers the region approximately 33.5°-40.3°N and 77°-67°W. A total of 31 s levels in the vertical direction are used, with the model top at 50 hPa. These full s levels are 0.0, 0.04, 0.08, 0.12, 0.16, 0.20, 0.24, 0.28, 0.32, 0.36, 0.40, 0.44, 0.48, 0.52, 0.56, 0.60, 0.64, 0.68, 0.72, 0.76, 0.80, 0.84, 0.87, 0.90, 0.92, 0.938, 0.956, 0.97, 0.982, 0.992 , and 1, which give 30 half-s layers. The model is initiated at 0000 UTC April 24, 2001 and then integrates continuously for 24 hours. The initial and boundary conditions are defined with NCEP's Eta Model analyses.
[15] Figure 2 shows the horizontal and vertical velocities along the S-S 0 transect indicated in Figure 1a at 6-hr intervals on April 24, 2001. Since the synoptic wind is roughly parallel to the Gulf Stream axis, the horizontal component is obviously small. At the lower atmospheric levels between the 294°K and 296°K potential temperature contour lines, the time series plots show the increase of vertical motion from almost 0 cms À1 at 06 UTC April 24 to its strongest at 12 cms À1 at 18 UTC and then its subsequent decrease to about 2-3 cms À1 at 00 UTC on April 25. The height of the solenoidal circulation reaches to about the 900 hPa level at 18 UTC. The corresponding 296°K potential temperature line rises and falls with the strength of this upward motion. We further examine the horizontal distribution of the vertical motion that is associated with the cloud-line formation. Figure 3 shows the time series of the distribution of vertical velocity distribution at the 950 hPa level in the model domain. The upward motion at this level reaches its maximum at 18 UTC and the center of the upward motion is collocated with the Gulf Stream center axis and matches the cloud line pattern; thus, this model-revealed dynamical process agrees well with satellite observations.
Conclusions
[16] In this study, we present satellite observations of a very long (1000 km) cloud line aligned with the Gulf Stream axis. From wind and surface temperature analyses, we determined that the environmental conditions were favorable for generating the mesoscale solenoidal circulation observed in the two satellite images. The Gulf Stream cloud line resembles a ''lake-effect'' cloud line, frequently observed in the middle of large lakes, but with a much larger scale. This large-scale cloud-line phenomenon is rarely observed in the ocean, even in areas of high surface thermal gradient, mainly because large surface-thermalgradient regions such as the Gulf Stream and other major high-temperature, western boundary currents are also areas with high cloud coverage. Moderate-to-strong wind parallel to the Gulf Stream, and clear sky conditions rarely happen coincidently.
[17] Although similar cloud-line formations can be generated by other mechanisms, i.e., airplane or missile trails and ship tracks [Coakley et al., 1987; Rakde et al., 1989; Conover, 1966] , we dismiss these possibilities because this cloud line does not disperse, but actually continues to converge between the time of the two satellite images, and neither does it show significant differences from one end to the other. 
